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(57) ABSTRACT 

Methods and apparatus for combinatorial (i.e., high 
throughput) materials research, such as catalysis research, 
that involves parallel apparatus for simultaneously effecting 
mechanical treatments such as grinding, mixing, pressing, 
crushing, sieving, and/or fractionating of such materials are 
disclosed. The methods and apparatus are useful for 
mechanically treating catalysis materials and other solid 
materials, including Without limitation, electronic materials 
such as phosphors, colorants such as pigments, and phar 
maceuticals such as crystalline drugs or drug candidates. 
The simultaneous protocols and parallel apparatus offer 
substantial improvements in overall throughput for prepar 
ing arrays of materials, such as catalysis materials. 
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METHODS AND APPARATUS FOR MECHANICAL 
TREATMENT OF MATERIALS SUCH AS 

CATALYSTS 

[0001] This application claims the bene?t of co-oWned, 
co-pending US. provisional patent application Ser. No. 
60/216,777 entitled “High-Throughput Methods for Evalu 
ating Heterogeneous Catalysts” ?led Jul. 7, 2000 by Hage 
meyer et al., Which is hereby incorporated by reference in its 
entirety for all purposes. 

BACKGROUND OF THE INVENTION 

[0002] Heterogenous catalysts have a variety of knoWn 
applications, in diverse ?elds including commodity chemi 
cals and ?ne chemicals. It has long been recogniZed, hoW 
ever, that the catalytic activity and/or selectivity of hetero 
geneous catalysts can vary substantially due to many factors. 
Factors knoWn to have a potential effect on catalytic activity 
and/or selectivity are described, for example, by Wijn 
gaarden et al., “Industrial Catalysis—OptimiZing Catalysts 
and Processes”, Wiley-VCH, Germany (1998). 

[0003] Combinatorial (i.e., high-throughput) approaches 
for evaluation of catalysts and/or process conditions are also 
knoWn in the art. See, for example, US. Pat. No. 5,985,356 
to SchultZ et al., US. Pat. No. 6,004,617 to SchultZ et al., 
US. Pat. No. 6,030,917 to Weinberg et al., US. Pat. No. 
5,959,297 to Weinberg et al., US. Pat. No. 6,149,882 to 
Guan et al., US. Pat. No. 6,087,181 to Cong, US. Pat. No. 
6,063,633 to Willson, US. Pat. No. 6,175,409 to Nielsen et 
al., and PCT patent applications WO 00/09255, WO 
00/17413, WO 00/51720, WO 00/14529, each of which US. 
patents and each of Which PCT patent applications, together 
With its corresponding U.S. application(s), is hereby incor 
porated by reference in its entirety for all purposes. Con 
sidered individually and cumulatively, these references 
teach the synthesis and screening of arrays of diverse 
materials, and generally, of spatially-determinative arrays of 
diverse materials. Typical approaches involve primary syn 
thesis and screening (high-throughput “discovery” screen 
ing) folloWed by secondary synthesis and screening (more 
moderate-throughput “optimization” screening), and option 
ally, folloWed by tertiary synthesis and screening (e.g., 
typically traditional “bench scale” screening). These refer 
ences also describe screening strategies in Which composi 
tionally-varying arrays are prepared (e.g., as part of a 
primary or secondary screen) ?rst With broadly-varied gra 
dients. Subsequently, “focused” libraries comprising more 
narroWly-varied gradients are prepared and screened (e.g., at 
the same level of screen) based on the results of the ?rst 
screen. Such libraries or arrays of diverse materials such as 
catalysts can comprise binary, ternary and higher order 
compositional variations. See, for example, WO 00/17413 
(as Well as its corresponding US. application Ser. No. 
09/156,827 ?led Sep. 18, 1998 by Giaquinta et al.) and WO 
00/51720, (as Well as its corresponding US. application Ser. 
No. 09/518,794 ?led Mar. 3, 2000 by Bergh et al.), each of 
which US. and PCT applications are hereby incorporated by 
reference in its entirety for all purposes. High-throughput 
process optimiZation, including process optimiZation in par 
allel ?oW reactors has also been described. See, for example, 
WO 00/51720, (as Well as its corresponding US. application 
Ser. No. 09/518,794 ?led Mar. 3, 2000 by Bergh et al.), and 
additionally, US. patent applications Ser. No. 60/185,566 
?led Mar. 7, 2000 by Bergh et al., Ser. No. 60/229,984 ?led 
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Sept. 2, 2000 by Bergh et al., Ser. No. 09/801,390 ?led Mar. 
7, 2001 by Bergh et al., and Ser. No. 09/801,389 ?led Mar. 
7, 2001 by Bergh et al., each of which US. and PCT 
applications are hereby incorporated by reference in its 
entirety for all purposes. 

[0004] The efficiency of a catalyst discovery program is, in 
general, limited by rate-limiting steps of the overall process 
Work ?oW. Additionally, high throughput approaches still 
require substantial efforts to explore vast compositional 
space. As such, current approaches, While offering substan 
tial advances over previous traditional, loWer-throughput 
approaches, can still be improved With respect to overall 
ef?ciency. Hence, there is a need in the art for improved 
overall research Work ?oWs for developing and evaluating 
heterogeneous catalysts for a particular reaction of interest. 
In particular, a need exists for more ef?cient, meaningful 
approaches for identifying neW heterogeneous catalysts. 

[0005] More speci?cally, a need exists for improved 
preparation protocols for heterogeneous catalysts. Although 
substantial advances have been made With respect to parallel 
synthesis of catalyst candidate materials, and With respect to 
reaction-based screening of such catalyst candidates, rela 
tively feWer advances have focused on pretreatment of 
heterogeneous catalysts—after synthesis of the catalysis 
material or precursor thereof and before screening thereof. 
Typical post-synthesis catalyst treatment can include chemi 
cal treatment (e.g., precursor decomposition, oxidation, 
reduction, activation), physical treatment (e.g., calcining, 
Washing), and/or mechanical treatment (e.g., grinding, 
pressing, crushing, sieving, and/or shaping). 

[0006] Mechanical pretreatment approaches have been 
effected to date for combinatorial catalysis research using 
conventional approaches. For example, Senkan et al. 
reported the preparation of a combinatorial array of shaped 
catalysts (pellets) using conventional, serial die-pressing. 
See S. Senkan et al., “High-Throughput Testing of Hetero 
geneous Catalyst Libraries Using Array Microreactors and 
Mass Spectrometry”, Angew. Chem. Intl. Ed., Vol. 38, No. 
18, pp. 2794-2799 (1998). Grinding approaches for catalyst 
preparation are also knoWn in the art, including both serial 
and parallel grinding protocols. (See, for example, Obenauf 
et al., Catalog of SPEX CertiPrep, Inc. (Metuchen, N.J pp. 
28-39, 90-91, 104-105 and 114-119 (1999)). Schuth et al. 
disclose a loading device for synthesis of an array of 
catalysts, Where the loading device is adapted for parallel 
transfer of the synthesiZed catalysts to a parallel ?oW reactor 
through a communition device. (See EP 19809477 A1). 
HoWever, such conventional pretreatment protocols, such as 
the conventional serial pressing approaches, are not ef?cient 
enough for preparing arrays comprising larger numbers of 
catalysts. Moreover, conventional grinding or communiting 
approaches, although paralleliZed, suffer from other de? 
ciencies. Such grinding approaches, as exempli?ed for 
example by the aforementioned communition protocols of 
Schuth et al., result in a to-be-tested catalyst candidate that 
includes a broad, uncontrolled distribution of catalyst par 
ticle siZes, including catalyst particle ?nes. Variations in the 
particle siZe distribution of candidate catalysts—as com 
pared betWeen reaction vessels (or channels) of a parallel 
reactor—can affect catalyst performance and, additionally or 
alternatively, can affect the ?oW-characteristics When 
screening the catalysts in a parallel ?oW reactor, such that in 
either case, direct comparison of catalysts betWeen reaction 
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vessels or channels is compromised. As such, there remains 
a need in the art to overcome such de?ciencies. 

SUMMARY OF THE INVENTION 

[0007] It is, therefore, an object of the present invention to 
provide for more efficient protocols and systems for effect 
ing mechanical treatments of materials, and especially, 
mechanical treatment of catalysis materials such as hetero 
geneous catalysts and related materials. 

[0008] Brie?y, therefore, in one embodiment, the inven 
tion is directed to methods and apparatus for preparing an 
array of materials, preferably diverse materials such as 
diverse catalysis materials, having a particle siZe distribution 
substantially Within a prede?ned particle siZe range. Four or 
more materials, preferably four or more diverse materials 
such as diverse catalysis materials (e.g., catalysts, catalyst 
precursors and catalyst supports) are simultaneously crushed 
in four or more spatially discrete crushing Zones of a parallel 
crusher. The four or more materials are simultaneously 
sieved through a ?rst primary sieve as they are being 
crushed, and additionally or alternatively, intermittently 
betWeen repeated crushing steps, such that in either case, for 
each of the four or more catalysis materials, smaller, ?rst 
sieved particles pass through the primary sieve Whereas 
larger unsieved particles are substantially retained in the 
crushing Zone for further crushing. If desired, the four or 
more materials can be simultaneously fractionated, for 
example, by then simultaneously sieving the ?rst-sieved 
particles of each of the four or more materials through a 
second, secondary sieve, such that for each of the four or 
more materials, smaller, second-sieved particles pass 
through the secondary sieve Whereas larger ?rst-sieved 
particles are retained by the secondary sieve. As such, 
primary fractions of each of the four or more materials are 
formed, With the primary fractions having a particle siZe 
distribution substantially Within a particle siZe range ranging 
from about the mesh siZe of the secondary sieve to about the 
mesh siZe of the primary sieve. 

[0009] In a related embodiment, the invention is directed 
to an apparatus for parallel crushing and sieving of catalysis 
materials. The apparatus generally comprises a crusher body 
comprising four or more spatially discrete apertures or Wells. 
Each of the four or more apertures or Wells de?ne a crushing 
Zone having an interior crushing surface. One or more 
crushing elements (e.g., crushing media) are located at least 
partially Within each of the crushing Zones and are adapted 
for crushing materials residing in one of the four or more 
crushing Zones. One or more primary sieves can be integral 
With the crusher body, and/or can de?ne at least a portion of 
the interior crushing surface for each of the four or more 
crushing Zones, and are generally adapted to simultaneously 
sieve each of the four or more materials as they are being 
crushed, or intermittently betWeen repeated crushing steps 
(e. g., temporally serial cycles of crushing, sieving, crushing, 
sieving, etc.), such that for each of the four or more 
materials, smaller, primary-sieved particles pass through the 
primary sieve Whereas larger, unsieved particles are retained 
in the crushing Zone for further crushing. 

[0010] In some aspects of this embodiment, Where further 
fractioning is desired, the apparatus can further comprise a 
sieve body comprising four or more spatially discrete aper 
tures corresponding in spatial arrangement to the four or 
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more apertures or Wells of the crusher body, With each of the 
four or more apertures of the sieve body having an inlet end 
adapted to receive primary-sieved particles passing through 
the primary sieve, and an opposing outlet end. One or more 
second secondary sieves is situated substantially at the outlet 
end of each of the four or more apertures of the sieve body. 
The one or more secondary sieves is adapted to simulta 
neously sieve the primary-sieved particles of each of the 
four or more catalysis materials, such that for each of the 
four or more catalysis materials, smaller secondary-sieved 
particles pass through the secondary sieve Whereas larger 
primary-sieved particles are retained by the secondary sieve. 
The one or more primary sieves have an actual mesh siZe 

(i.e., actual opening siZe of the mesh) that is larger (i.e., 
smaller mesh-siZe number) than a mesh siZe of the one or 
more secondary sieves, such that primary fractions of each 
of the four or more catalysis materials can be formed in the 
apparatus. The primary fractions can have a particle siZe 
distribution substantially ranging from about the mesh siZe 
of the secondary sieve to about the mesh siZe of the primary 
sieve. 

[0011] In another aspect, the invention is directed toWard 
a method for preparing an array of catalysis materials, Where 
four or more materials such as diverse materials, preferably 
diverse catalysis materials are simultaneously pressed in 
four or more pressing Zones of a parallel press. The parallel 
press can preferably be a die press, an isostatic press or a 
roller press. 

[0012] The invention is directed as Well to a parallel press. 
The parallel press can comprise a press body comprising 
four or more spatially discrete apertures or Wells, each of the 
four or more apertures or Wells de?ning a pressing Zone, and 
one or more pressing elements (e.g., pressing membranes, 
rollers, dies) adapted to simultaneously press each of four or 
more materials in the four or more pressing Zones. 

[0013] The methodologies and apparatus described and 
claimed herein also have application for parallel mechanical 
treatment of catalysis materials as Well as other materials. It 
is contemplated and speci?cally considered to be part of the 
invention that the protocols and apparatus disclosed herein 
are applicable to materials generally, and to other speci?c 
categories of materials such as electronic materials (e.g., 
phosphors), colorants (e.g., organic or inorganic pigments), 
?ltration materials, adsorbents, absorbents, separation media 
(eg for liquid chromatography), ?uidiZable particles (e.g., 
for ?uidiZed bed reactors), titania (or other ceramic) nano 
particles, and pharmaceuticals (e.g, crystalline materials 
having pharmaceutical activity), among others. 

[0014] Other features, objects and advantages of the 
present invention Will be in part apparent to those skilled in 
art and in part pointed out hereinafter. All references cited in 
the instant speci?cation are incorporated by reference for all 
purposes. Moreover, as the patent and non-patent literature 
relating to the subject matter disclosed and/or claimed herein 
is substantial, many relevant references are available to a 
skilled artisan that Will provide further instruction With 
respect to such subject matter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 is a schematic diagram indicating the major 
steps in a comprehensive combinatorial (i.e., high-through 
put) research program for heterogeneous catalysis. 
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[0016] FIG. 2 is a schematic diagram indicating the major 
mechanical treatment steps for the preparation of heteroge 
neous catalysts. 

[0017] FIG. 3A through FIG. 3E are schematic cross 
sectional vieWs of various mechanical treatment apparatus, 
including a parallel press (FIG. 3A), a parallel materials 
handler, suitable for transfer and for various chemical and/or 
physical treatments (e.g., calcining) (FIG. 3B), a parallel 
crusher With an integral parallel sieve (FIG. 3C), an addi 
tional parallel secondary sieve (FIG. 3D) and a parallel ?nes 
collector (FIG. 3E). 
[0018] FIG. 4A through FIG. 4E are schematic cross 
sectional vieWs of various mechanical treatment apparatus 
having at least some common (i.e., shared) components or 
subcomponents, including a parallel synthesis substrate 
(FIG. 4A), a parallel (pre)grinder (FIG. 4B), a parallel press 
(FIG. 4C), a parallel crusher With an integral parallel sieve 
(FIG. 4D), and an alternative con?guration of a parallel 
crusher With a plurality of integral, curvilinear sieves (FIG. 
4E). 
[0019] FIG. 5A through FIG. 5D are schematic cross 
sectional vieWs of various embodiments of a parallel isos 
tatic press, having a unitary common pressure chamber 
(FIG. 5A), or alternatively, having modular pressure cham 
bers (FIG. 5B), or alternatively, having individual pressure 
chambers (FIG. 5C), each With shalloW-Well press bases, or 
having an individual pressure chamber With a deep-Well 
press base (FIG. 5D). 
[0020] FIG. 6A through FIG. 6D are schematic perspec 
tive vieWs (FIGS. 6A, 6C and 6D) or cross-sectional detail 
vieWs (FIG. 6B) of a parallel ?nger-die crushing and sieving 
device (FIGS. 6A and 6B), and of an integrated parallel 
?nger-die crushing/sieving/fractionating device (FIG. 6C, 
shoWing a bottom perspective vieW, and FIG. 6D, shoWing 
a top perspective vieW). 

[0021] FIG. 7A through FIG. 7D are a perspective vieW 
(FIG. 7A), a top sectional vieW (FIG. 7B), a ?rst cross 
sectional vieW (FIG. 7C, taken at line E-E of FIG. 7B), and 
a second cross-sectional vieW (FIG. 7D, taken at line F-F of 
FIG. 7B) of a roller press adapted for integration into a 
parallel roller press. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0022] The present invention includes various mechanical 
treatment methodologies and apparatus for the ef?cient 
preparation of an array of materials, such as catalysis 
materials for heterogeneous catalysis research. In particular, 
this invention discloses and claims various aspects of a Work 
How for combinatorial (i.e., high-throughput) research, such 
as catalysis research, that involves parallel apparatus for 
simultaneously effecting mechanical treatments such as 
grinding, pressing, integrated crushing and sieving, and/or 
fractionating of such materials. In general, the catalysis 
materials can be catalysts (e. g., catalyst candidates), catalyst 
precursors and/or catalyst supports, and can be prepared in 
the form of shaped catalysis materials or as fractioned (e.g., 
crushed and sieved) catalysis materials. 

[0023] Advantageously, the simultaneous protocols and 
parallel apparatus generally offer substantial improvements 
in overall throughput for preparing arrays of materials, such 
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as catalysis materials. Additionally, in some embodiments, 
the protocols and apparatus for the various mechanical 
treatments are effected using one or more universal compo 

nents (i.e., one or more shared common components), such 
that successive treatments can be effected Without the labo 
rious transfer of individual catalysis materials of the array. 
Each of these features, as Well as additional features, are 
discussed herein. 

[0024] Although described herein primarily in the conteXt 
of catalysis materials, the methodologies and apparatus 
described and claimed herein also have application for 
parallel mechanical treatment of other materials. It is con 
templated, for eXample, that such methodologies and appa 
ratus can be used to simultaneously grind, miX, press, crush, 
sieve, and/or fractionate a Wide range of solid materials, 
including Without limitation, electronic materials such as 
phosphors, colorants such as pigments, ?ltration materials, 
adsorbents, absorbents, separation media such as liquid 
chromatography solid phase separation media, ?uidiZable 
particles such as for ?uidiZed bed reactors, titania (or other 
ceramic) nanoparticles, and pharmaceuticals such as crys 
talline drugs or drug candidates (e. g., in polymorph studies), 
among others. 

[0025] The terms used herein are generally consistent With 
the terms used in the provisional patent application to Which 
this patent application claims priority. HoWever, to clarify 
certain aspects, it is noted that the term “grinding” as used 
herein Was generally referred to as “pregrinding” in the 
provisional patent application, the term “pressing” as used 
herein Was variously referred to as “pressing”“compacting” 
and/or “pelletiZing” in the provisional patent application, 
and the term “crushing” as used herein Was generally 
referred to as “grinding” in the provisional patent applica 
tion. Generally, all terms used herein should be interpreted 
as having their ordinary meaning in the art, eXcept and to the 
eXtent that they are further de?ned herein. 

[0026] The invention is described in further detail beloW 
With reference to the ?gures, in Which like items are num 
bered the same in the several ?gures. 

[0027] The folloWing patent applications are related to the 
present application, and are speci?cally incorporated by 
reference for all purposes, including general background, 
methodologies, apparatus, and eXemplary applications: U.S. 
Ser. No. 09/156,827 ?led Sep. 18, 1998 by Giaquinta et al.; 
US. Ser. No. 09/518,794 ?led Mar. 3, 2000 by Bergh et al.; 
US. Ser. No. 09/093,870 ?led Jun. 9, 1998 by Guan et al.; 
US. Ser. No. 60/185,566 ?led Mar. 7, 2000 by Bergh et al.; 
US. Ser. No. 09/801,390 ?led Mar. 7, 2001 by Bergh et al.; 
US. Ser. No. 09/801,389 ?led Mar. 7, 2001 by Bergh et al.; 
US. Ser. No. 09/285,363 ?led Apr. 2, 1999 by Petro et al.; 
US. Ser. No. 09/174,856 ?led Oct. 19, 1998 by Lacy et al.; 
and US. Ser. No. 09/516,669 ?led Mar. 1, 2000 by Lugmair 
et al., and US. Ser. No. 09/619,416 ?led Jul. 19, 2000 by 
VanErden et al. 

[0028] General 
Research 

OvervieW—Combinatorial Catalysis 

[0029] With reference to FIG. 1, major steps in a com 
prehensive combinatorial (i.e., high-throughput) research 
program for heterogeneous catalysis can generally comprise 
one or more of the folloWing steps: 
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[0030] 1) Experimental Planning/Library Design 
[0031] 2) Synthesis of Catalyst or Catalyst Precursor 

Library 
[0032] 3) Optionally, Pretreatment of Catalyst or 

Catalyst Precursor Library 

[0033] a) chemical treatment (eg precursor 
decomposition, oxidation, reduction, activation), 

[0034] b) physical treatment (e.g., calcining, Wash 
ing), 

[0035] c) mechanical treatment (e.g., grinding, 
pressing, crushing, sieving) 

[0036] 4) Optionally, CharacteriZation of Catalyst or 
Catalyst Precursor Library (X-ray diffraction, infra 
red, surface area, porosity (i.e., pore siZe, pore vol 
ume, pore siZe distribution, and/or pore volume 
distribution), particle siZe, particle siZe distribution, 
metal loading, metal dispersion, etc.) 

[0037] 5) Screening (Reaction Based) of Catalyst 
Candidates in Library 

[0038] 
How) 

[0039] b) Liquid/Gas Phase Reactants 

[0040] 6) Optionally, CharacteriZation of Screened 
Catalyst Candidates 

[0041] 7) Optionally, Catalyst Regeneration 
[0042] 8) Optionally, Screening (Reaction-Based) of 

Regenerated Catalyst 
[0043] 9) Optionally, Data Processing 

[0044] 10) Data Analysis—Performance Evaluation 

[0045] 11) Repeat One or More of Steps (1)-(10) 
(optionally, With automated resynthesis) 

a) FloW/Semi-Continuous/Batch (Non 

[0046] Preferably, all steps are optimiZed With respect to 
throughput, in order to eliminate unnecessary bottlenecks in 
the overall Work ?oW. Although pretreatment steps are 
shoWn in FIG. 1 as being optional, they are nonetheless 
substantially signi?cant for a comprehensive, high-through 
put catalysis Work?oW. Generally, pretreatment steps can be 
categoriZed as chemical treatments, physical treatments and/ 
or mechanical treatments. Although the present invention 
relates primarily to mechanical treatments, a person of 
ordinary skill in the art Will appreciate that various chemical 
and/or physical treatments can be used in connection With 
the protocols and apparatus of the present invention at 
appropriate points of the Work ?oW. Hence, various aspects 
of the present invention relate to one or more different steps 
of the aforementioned generaliZed methodology. Some 
aspects of the invention relate to individual steps, to a 
combination of steps, to a particular ordering of the steps, 
and/or to the methodology as a Whole. Generally, the various 
inventive aspects can be combined in any and all possible 
permutations, for purposes of de?ning the present invention. 

[0047] Generally, the methodologies and apparatus dis 
closed herein are useful for preparing arrays or libraries of 
materials, such as catalysis materials. An library of materials 
comprises four or more, and preferably a higher number of 
diverse materials as described in US. Ser. No. 09/518,794 
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?led Mar. 3, 2000 by Bergh et al. The library of materials is 
preferably arranged in an array, preferably comprising the 
diverse materials in spatially determinative regions (e.g., 
Within different reaction vessels or modules comprising 
reaction vessels), and most preferably in spatially determi 
native and distinct regions (e.g., regions de?ned in one or 
more substrates, preferably on a common substrate in many 
embodiments). Modules comprising reaction vessels Within 
a single reaction apparatus can each comprise a single 
substrate, and/or can collectively be considered as part of a 
larger substrate (e.g., Where the reaction vessels and/or 
modules of vessels are supported by one or more common 
structural framework). The catalysis materials are preferably 
catalysts (e.g., candidate catalysts), or precursors thereof 
(e.g., catalyst supports), for eXample, as described in US. 
Ser. No. 09/518,794 ?led Mar. 3, 2000 by Bergh et al. 

[0048] Further details about catalysis materials, and librar 
ies of catalysis materials, are provided beloW. Although 
described herein in connection With catalysis materials 
preparation for heterogeneous catalysis research, the meth 
ods and apparatus can also be used for preparing other types 
of materials, for other ?elds of research as noted above. 

[0049] Parallel Pretreatment Protocols 

[0050] Catalyst treatment steps, including especially 
mechanical treatment steps such as grinding, pressing, 
crushing, sieving, and/or fractionating, as Well as physical 
and/or chemical treatment steps (e.g., calcining, oxidation, 
reduction, sulfuriZing, Washing, etc.) are preferably per 
formed in parallel to optimiZe the preparation throughput for 
catalysis materials such as catalysts and/or catalyst precur 
sors (including catalyst supports). Substantial technical 
knoWledge eXists in the art With respect to the mechanical 
treatments steps as applied to individual materials on a 
relative large scale, including industrial scale, pilot scale and 
bench-top research scale. See, for eXample, Fayed et al., Ed., 
Handbook ofPowder Science & Technology, 2nd Ed. (Chap 
man & Hall, NeW York, NY, 1997), Which is hereby 
incorporated by reference in its entirety for all purposes. 

[0051] With reference to FIG. 2, parallel mechanical 
treatment steps can be used to simultaneously prepare four 
or more (or higher numbers of) shaped catalysis materials 
510 and fractioned catalysis materials 520 from starting 
catalysis materials 500. Generally, shaped catalysis materi 
als 510 are catalysis materials having a de?nite, typically 
prede?ned shape, such as rods, cylinders, stars, cubes, 
tablets, holloW cylinders, spheres, ripped cylinders, rings, 
donuts etc., and generally (and generically) alternatively 
referred to herein as pellets. Fractioned catalysis materials 
520 generally comprise particles of catalysis materials hav 
ing a de?nite, and typically predetermined particle siZe 
distribution, or at least some percentage of particles falling 
Within a particle siZe distribution. 

[0052] The starting catalysis materials 500 are preferably 
catalysts (e.g., catalyst candidates), catalyst precursors and/ 
or catalyst supports. The starting catalysis materials can be 
purchased from commercial vendors, and/or prepared 
directly, and in some embodiments, can be synthesiZed in 
situ on a synthesis substrate having common structural 
functionality in one or more of the subsequent mechanical 
treatment steps/apparatus. In particularly preferred 
approaches, four or more catalysis materials are simulta 
neously synthesiZed (i.e., synthesiZed in parallel) in four or 
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more spatially discrete regions of a substrate (e.g., a set of 
parallel reaction vessels or Wells). Typically, catalysis mate 
rials can be synthesized using techniques known in the art, 
including for eXample precipitation, solvent evaporation, 
sol-gel, spray-drying, freeZe drying, impregnation, including 
incipient Wetness impregnation (e.g., impregnation of cata 
lyst supports such as silica, alumina, titania, Zirconia, ceria, 
carbon, Zeolites and other mesoporous or microporous mate 
rials, etc.), incipient Wetness, hydrothermal synthesis and 
other methods knoWn in the art or later developed. 

[0053] The particular mechanical treatments to prepare 
shaped catalysis materials 510 or fractioned catalysis mate 
rials 520 Will depend on the nature and/or form of the 
starting catalysis materials 500, Which in turn, can depend 
on the synthesis technique and conditions used to prepare 
such starting catalysis materials 500. The starting catalysis 
materials 500 can, for eXample, be provided in the form of 
uniform or non-uniform pieces of various siZes, such as 
large chunks, moderate-siZed particles, small particles, poW 
ders, ?akes, granules, rods, ?bers, and/or pre-formed (i.e., 
pre-shaped) spatial forms (e.g., pellets, including pressed 
pellets). Generally, for eXample, spray drying can result in 
particulates having a siZe ranging from about 50 pm to about 
150 pm. The siZe and/or form resulting from other synthesis 
techniques, such as precipitation and/or solvent evaporation, 
varies substantially With the chemistries involved, and can 
include particle siZes ranging from ?ne poWders, poWders 
that have agglomerated to form moderate to larger siZed 
particles or chunks, and/or directly-formed moderate to 
larger siZed particles or chunks. Catalyst supports (and 
likeWise, supported catalysts) are available in a Wide spec 
trum of siZes and forms. Molecular sieves, generally includ 
ing Zeolites, and other mesoporous or microporous materials 
are likeWise available in a variety of siZes and forms, but can 
for many applications, be about 0.5 to about 10 um in siZe 
after hydrothermal synthesis. In general, the particular syn 
thesis technique, and the particular form and/or nature of the 
starting catalysis materials is not critical to the invention, 
and a person of skill in the art can select Which of the various 
treatment strategies to employ, depending on the particular 
form of the starting material, and the desired form and/or 
nature of the catalysis materials being prepared. 

[0054] According to the present invention, shaped cataly 
sis materials 510 are prepared from starting catalysis mate 
rials 500 by simultaneously pressing four or more catalysis 
materials (e.g., starting catalysis materials 500 or ground 
catalysis materials 502) in four or more pressing Zones of a 
parallel press, respectively, to form four or more pressed 
catalysis materials 504. If desired, shaped catalysis materials 
510 can alternatively be formed by pressing crushed/sieved 
catalysis materials 514 or further fractionated catalysis 
materials 516 having more narroW, and typically de?ned 
particle siZe distributions, and/or by pressing ?nes 517 
resulting from the sieving and/or fractionating steps. The 
materials being pressed can also be materials (e.g., multi 
component catalysts) that Were previously pressed, and then 
reground. In any case, the parallel press (i.e., the compactor) 
can generally be a device or instrument adapted to agglom 
erate smaller particles into larger particles for multiple 
materials in simultaneous (i.e., parallel) channels, by appli 
cation of pressure in a compacting format. The press can be 
a pelletiZer, a kneader, an eXtruder, a tableter, a roller or 
other pressing (i.e., compaction) device or mechanism 
knoWn in the art (e.g., as knoWn in a single channel 
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con?guration). The parallel press can be a ?oW-press (e.g., 
a How eXtruder or injection molder) or a static press (e.g., a 
batch die press), and can generally include four or more 
spatially discrete pressing Zones, each of the Zones being 
de?ned by an interior pressing surface. The parallel press 
can generally also include, in each channel thereof, one or 
more pressing elements, such as one or more dies, rollers or 
pressing membranes (or portions thereof), comprising one or 
more surfaces against Which, through Which, in Which, on 
Which, or betWeen Which the catalysis materials are pressed. 
In some cases, the pressing elements can de?ne at least some 
portion of the pressing Zones. The siZe of the catalysis 
materials 500, 502 supplied to the parallel pressing Zones is 
not critical With respect to siZe and/or particle siZe distribu 
tion, but in generally, should be siZed for effective pressing 
thereof to form pressed (e.g., agglomerated) pellets. Typical 
particle siZes of supplied materials 502 are less than about 
200 microns or in some cases less than about 100 microns, 
or in some cases even less than about 10 microns. The siZe 
of the pressed catalysis pellets 504 resulting from the 
pressing process is not critical, and can typically range, for 
eXample, from about 1 mm to about 1 cm in diameter and 
from about 1 mm to about 1 cm in length, and having aspect 
ratios (i.e., ratio of length to Width) ranging from about 10 
to about 1/10, from about 1 to about 1/5, and from about 1 to 
about 1/2 and most preferably being about 1. Typical pressing 
pressure can vary depending on the type of press, the type 
of catalysis materials, and other pressing conditions, such as 
temperature, additives, etc., and can be about 500 psi or 
higher, and can typically range from about 1000 psi to about 
75,000 psi, alternatively from about 10,000 psi to about 
60,000 psi, from about 20,000 psi to about 50,000 psi, or 
from about 25,000 psi to about 40,000 psi. Additional 
details, and preferred embodiments for parallel presses (e. g., 
including parallel die presses and parallel isostatic presses) 
and simultaneous pressing protocols are discussed beloW in 
connection With FIGS. 3A, 3B, 4C, 5A through 5B, and 7A 
through 7D. 

[0055] Optionally in some embodiments, such as Where 
the four or more starting catalysis materials 500 are large 
chunks or otherWise too large (or for other reasons, such as 
particle siZe inhomogeneity, or compositional inhomogene 
ity, or for mechanical reasons, or to alloW for chemical 
pretretment or characteriZation) to provide for satisfactory 
direct pressing, the four or more catalysis materials can be 
simultaneously ground, before pressing, in four or more 
spatially discrete grinding Zones of a parallel grinder, 
respectively, to form four or more ground catalysis materials 
502. Generally, grinding can be effective for breaking apart 
(i.e., deagglomerating) larger particles to form smaller par 
ticles, as Well as to change the morphology of the particles 
(e.g., breaking doWn crystallites to eXpose the interior 
thereof). The parallel grinder can include four or more 
spatially discrete grinding Zones de?ned by an interior 
grinding surface. The parallel grinder can also include, in 
each channel, one or more grinding elements. In some 
embodiments, the one or more grinding elements can de?ne 
at least a portion of the grinding surface. The grinding 
elements can be grinding media of any type, including for 
eXample grinding balls, grinding rods, grinding pins or other 
milling elements knoWn in the art Suitable choice of mate 
rials for the interior grinding surfaces and the grinding 
elements can be made by persons of skill in the art. Typi 
cally, for eXample, the interior grinding surfaces of each of 
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the four or more grinding Zones can be the same as those 

described below, generally, for the parallel grinder, pressor, 
crusher and siever. Typically, grinding is effected Without 
substantial regard to particle siZe and/or particle siZe distri 
bution, With grinding being at least effective for subsequent 
pressing of the ground catalysis materials 502, optionally 
With other treatments as described beloW. Grinding to a ?ne 
poWder is adequate for many catalysis materials for subse 
qeuent pressing. Further, grinding is typically effected With 
out removal of ?nes and/or other fractioning of the various 
resulting particle siZes of ground particles, but such frac 
tioning could be employed in some embodiments (e.g., via 
sieving While the catalysis materials 500 are being ground). 
The resulting ground catalysis materials 502 (e.g., catalysts 
or catalyst precursors) Will typically comprise particles With 
varied particle-siZe distribution (e.g., distribution factor of 
about 2-3), from ?nes to about 1 mm or less. The target siZe 
for the ground catalysis materials 502, can depend on the 
type of press, as Well as on the siZe (e.g., diameter) of the 
reaction Zone (e.g., ?Xed-bed reaction Zone), as Well as on 
the particular grinder type, and grinding conditions. 

[0056] One or more supplemental materials 506—such as 
diluents (e.g. silica, silicon carbide, titania, alumina, etc.), 
binders (e.g., benZoic acid, methyl cellulose, graphite, col 
loidal inorganics, silica, alumina, titanium dioXide, etc.), 
additional co-catalysts or catalyst precursors, dispersing 
agents, or grinding aids, among others—can be mixed With 
the ground catalysis materials 502 after grinding and prior to 
pressing. Alternatively, such supplemental materials 506 can 
be miXed in situ in the four or more grinding Zones during 
grinding (not represented in FIG. 2). The one or more 
supplemental materials 506 can also so be miXed With the 
starting catalysis materials 500 (e.g., Without grinding, or 
prior to grinding). When miXing is desired, the four or more 
catalysis materials are preferably simultaneously miXed With 
one or more components (such as one or more diluents) in 
four or more spatially discrete miXing Zones of a parallel 
miXer, respectively. The one or more supplemental materials 
506 can be a solid or a liquid, as added to the catalysis 
materials. For eXample, a slurry of materials can be formed 
to facilitate miXing and to assist in or otherWise affect 
grinding. 

[0057] The four or more pressed catalysis materials 504 
can themselves be the shaped catalysis materials 510, or 
alternatively, can be further treated (e.g., physically and/or 
chemically) to form the shaped catalysis materials 510. 
Additionally, the four or more pressed catalysis materials 
504 can be reground, and repressed, With or Without and 
before or after such further treatment. Such repeated grind 
ing, pressing, regrinding and repressing operations can 
improve miXing and, therefore, the homogeneity of the 
catalysis materials. In some embodiments, the press pressure 
can be increased in the second (or other additional pressing 
steps) to compact the catalysis materials to a more dense 
form. 

[0058] According to the invention, fractioned catalysis 
materials 520 are prepared by simultaneously crushing four 
or more catalysis materials (e.g., starting catalysis materials 
500, pressed catalysis materials 504 (With or Without grind 
ing prior to pressing, and With or Without miXing prior to or 
during or after grinding), or even shaped catalysis materials 
510) in four or more spatially discrete crushing Zones of a 
parallel crusher, respectively, to form four or more crushed 
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catalysis materials 512. During the crushing process, or 
alternatively, intermittently betWeen each of a series of tWo 
or more repeated crushing steps, a portion of the crushed 
particles are removed simultaneously from each of the four 
or more crushing Zones. The portion of crushed particles are 
preferably removed as the catalysis materials are being 
crushed. In a preferred approach, the removal is effected by 
simultaneously sieving each of the four or more catalysis 
materials 500, 504 and or crushed catalysis materials 512 
through a ?rst primary sieve as they are being crushed to 
form four or more ?rst-sieved particles 514. As such, for 
each of the four or more catalysis materials, smaller, ?rst 
sieved particles 514 pass through the primary sieve Whereas 
larger unsieved particles are retained in the corresponding 
crushing Zone for further crushing. The removed portion 
(e.g., the ?rst-sieved particles 514) of each of the four or 
more catalysis materials are then simultaneously fractioned 
(e.g., by simultaneously separating ?nes therefrom). More 
generally, simultaneous fractionating can be effected by 
simultaneously sieving through a second, secondary sieve, 
such that for each of the four or more catalysis materials, 
smaller, second-sieved particles (e.g., fractionated catalysis 
materials 516) pass through the secondary sieve Whereas 
larger ?rst-sieved particles 514 are retained by the secondary 
sieve. In this manner, each of the sieved catalyst or catalyst 
precursor or catalyst support comprises one or more siZed 
fractions, each of the siZed fractions comprising particle 
siZes having a substantially narroW particle-siZe distribution, 
or alternatively, at least excluding certain larger or certain 
smaller particle siZes. Speci?cally, primary fractions of each 
of the four or more catalysis materials are formed, having a 
particle siZe distribution substantially Within a particle siZe 
range ranging from about the mesh siZe of the secondary 
sieve to about the mesh siZe of the primary sieve. Preferably, 
at least about 90%, more preferably at least about 95% and 
most preferably at least about 98% of the primary fraction 
particles are Within the particle siZe range bounded by the 
mesh siZes of the primary and secondary sieves. Advanta 
geously, improved sieving efficiencies can be achieved by 
the methods of the invention, including especially primary 
sieving of relatively smaller particles as larger particles are 
being crushed (or intermittently betWeen repeated crushing 
steps). Hence, according to the invention, the primary frac 
tion of each of the four or more catalysis materials comprises 
at least about 20% by Weight of the total catalysis material 
being crushed and sieved, preferably at least about 40%, 
more preferably at least about 50%, still more preferably at 
least about 60% and most preferably at least about 70%, by 
Weight (depending of course, on the target particle siZe range 
distribution and other factors). 

[0059] If desired, further fractionating steps (beyond at 
least the removal of ?nes) can be effected for each of the four 
or more catalysis materials. Speci?cally, for eXample, the 
second-sieved particles of each of the four or more catalysis 
materials can be simultaneously sieved through a third, 
tertiary sieve, such that for each of the four or more catalysis 
materials, smaller, third-sieved particles pass through the 
tertiary sieve Whereas larger second-sieved particles are 
retained by the tertiary sieve. In this manner, secondary 
fractions of each of the four or more catalysis materials are 
formed. The secondary fractions can have a particle siZe 
distribution substantially Within a particle siZe range ranging 
from about the mesh siZe of the tertiary sieve to about the 
mesh siZe of the secondary sieve. Preferably, at least about 
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90%, preferably at least about 95%, and most preferably at 
least about 98% of the secondary fraction particles are 
Within the particle siZe range bounded by the mesh siZes of 
the secondary and tertiary sieves. Likewise, the third-sieved 
particles of each of the four or more catalysis materials can 
be simultaneously sieved through a fourth, quaternary sieve, 
such that for each of the four or more catalysis materials, 
smaller, fourth-sieved particles pass through the quaternary 
sieve Whereas larger third-sieved particles are retained by 
the quaternary sieve, such that tertiary fractions of each of 
the four or more catalysis materials are formed, With the 
tertiary fractions having a particle siZe distribution substan 
tially Within a particle siZe range ranging from about the 
mesh siZe of the quaternary sieve to about the mesh siZe of 
the tertiary sieve. Preferably, at least about 90%, preferably 
at least about 95%, and most preferably at least about 98% 
of the tertiary fraction particles are Within the particle siZe 
range bounded by the mesh siZes of the tertiary and quater 
nary sieves. 

[0060] Some of the fractions, or at least the ?nes 517 of the 
catalysis materials, can be recycled back to the parallel press 
for incorporation into additional preparation steps. 

[0061] In the parallel crusher, each of the four or more 
crushing Zones are de?ned by an interior crushing surface. 
In a preferred embodiment, the primary sieve is integral With 
the parallel crusher, and can de?ne at least a portion of the 
interior surface of each of the four or more crushing Zones, 
to alloW for the removal of a portion of the crushed particles 
from the crushing Zone as the catalysis materials are being 
crushed. In other embodiments, hoWever, removal of portion 
of the crushed particles can be effected by other than sieving 
means, including for eXample, by differential ?uidic suspen 
sion and/or by other separating approaches. Crushing can be 
effected by numerous methods knoWn in the art, including 
for example by impact of the catalysis materials against an 
interior surface of the crushing Zone (e. g., due to agitation or 
shaking of the parallel crusher), by impact against one or 
more crushing elements such as crushing media (e. g., crush 
ing balls or crushing rods Within each of the crushing Zones, 
and/or by pushing through a mechanically stable die (e.g., 
communition), etc., and in either case, optionally With 
parallel vibration to facilitate sieving during or intermittent 
With crushing steps. In one embodiment, a die can be used 
both for parallel crushing as Well as for sieving as the 
primary sieve. Such various methods can be employed 
individually or together to get the desired crushing action. 

[0062] The primary sieve associated With each of the four 
or more crushing Zones can be four or more separate, 

individual primary sieves such that the four or more crushed 
catalysis materials are sieved through the separate, indi 
vidual sieves. Alternatively, the primary sieve can be a 
unitary sieve having at least tWo or more discrete sieving 
regions, or in some embodiments, four or more discrete 
sieving regions, through Which at least tWo of the four or 
more catalysis materials, and preferably four or more of the 
catalysis materials are sieved. The secondary sieve, as Well 
as the ternary seive, quaternary sieve, or higher-ordered 
sieves can be independent apparatus, or preferably, can also 
be integral With or integrally combined With the parallel 
crusher apparatus to form an integral crushing/sieving/frac 
tionating device. LikeWise, the secondary (or higher-or 
dered) sieve(s) can be a unitary sieve having at least tWo or 
more discrete sieving regions, or in some embodiments, four 
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or more discrete sieving regions, through Which at least tWo 
of the four or more catalysis materials, and preferably four 
or more of the catalysis materials are sieved. 

[0063] The absolute siZe of the crushed and sieved par 
ticles is generally not narroWly critical, and can depend upon 
factors such as the end-use application involved and desired 
characteristics. For evaluation of catalysis materials in a 
heterogeneous catalysis research program, the average par 
ticle siZe of one or more fractions can generally range from 
about 10 microns to a siZe that is about l/sof the diameter of 
the reaction Zone in Which the catalysis material Will be 
evaluated, and preferably from about 50 microns to about 
1/10 of the reaction Zone diameter, and most preferably from 
about 1/20th to about l/loth of the reaction Zone diameter. 
Hence, for many reaction systems, an average particle siZe 
can range from about 50 microns to about 5 mm, preferably 
from about 70 microns to about 2 mm can be adequate. The 
mesh siZes for the primary and/or secondary sieves can vary 
consistent With such dimensions. For heterogeneous cataly 
sis research involving relatively small volume reaction sys 
tems (having for eXample, inside diameters of about 4 mm 
for the reaction Zone), an average particle siZe of about 50 
microns to about 1 mm is typical, and 70 microns to about 
0.4 mm is preferred. For reaction evaluation systems having 
larger reaction Zones, the average particle siZes can gener 
ally range from about 50 microns to about 2.5 mm, prefer 
ably from about 70 microns to about 1.25 mm. In general, 
the primary sieve and secondary sieve for each material can 
have mesh siZe appropriate for the desired range of particle 
siZes. LikeWise, tertiary, quaternary and higher-ordered 
sieves can have mesh siZes appropriate for the desired 
average particle siZe of the secondary, tertiary and other 
fractions. The particular particle siZe distribution for such 
applications is also not critical to the invention, and can 
generally vary according to preferences knoWn in the art. In 
some applications, it may be desirable to have relatively 
narroW particle siZe distributions, Whereas in other applica 
tions, the particle siZe distribution can be broader. Signi? 
cantly, such average particles siZes (as recited above) can be 
achieved in various particle siZe distributions according to 
the methods and apparatus of the present invention. 

[0064] In additional embodiments for preparing fractioned 
catalysis materials, prior to parallel crushing/sieving/frac 
tionating, a plurality of catalysts, catalyst precursors, or 
catalyst supports, and preferably four or more, or higher 
numbers thereof, as described, are simultaneously ground to 
form a plurality and preferably four or more ground catalysis 
materials 502, and additionally, or alternatively, simulta 
neously pressed (i.e., compacted) in a parallel press (i.e., a 
parallel-channel compactor) to form a corresponding four or 
more pressed catalysis pellets 504. The parallel grinding 
and/or pressing can be generally as described above in 
connection With preparation of shapedcatalysis materials 
510. In fact, as noted, shaped catalysis materials 510 can 
themselves be fed through the parallel crushing/sieving/ 
fractionating device. LikeWise, the mechanical treatment 
can include parallel miXing (before, during or after grinding 
of the catalysis starting materials 502), generally as 
described above in connection With preparation of shaped 
catalysis materials 510. Further, as described, the grinding 
and pressing steps can be repeated (With or Without addi 
tional chemical and/or physical treatments and/or character 
iZation) prior to crushing and sieving, to improve homoge 
neity and/or to change the morphology of the particles. 
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[0065] If desired, the fractionated catalysis materials 516 
can also be further treated at this stage (e.g., Washed), 
preferably in parallel, to form four or more further treated 
catalysis materials 518. The particular one or more fractions 
of the four or more crushed/sieved/fractioned catalysis mate 
rials (e.g., catalysts, catalyst precursors and/or catalysts 
supports) can then be selected for further catalyst prepara 
tion steps, and preferably, in simultaneous preparation steps, 
or can be used directly in the end application of interest. 

[0066] As noted, physical treatment, chemical treatments 
and characteriZation steps can also be used, in conjunction 
With the various mechanical treatment steps of the invention. 
For example, the four or more catalysis materials (e.g., 
starting catalysis materials 500, ground catalysis materials 
502, pressed catalysis materials 504, crushed catalysis mate 
rials 512, sieved catalysis materials 514, and/or fractioned 
catalysis materials 516) can be simultaneously calcined, 
and/or simultaneously chemically treated (e.g., oxidiZed, 
reduced, sulfuriZed, etc.) and/or simultaneously character 
iZed for a property of interest. In FIG. 2, the timing of some 
such additional treatment activities are shoWn, for example 
for calcining (indicated as a circled “A” in FIG. 2), chemical 
treatments (indicated as a circled “B” in FIG. 2). Also, each 
of the four or more catalysis materials (in one or more 
intermediate stages, as pressed catalysis materials 510 and/ 
or as fractioned catalysis materials 520) can be character 
iZed, and preferably simultaneously characteriZed for a 
property of interest. For heterogeneous catalysis materials 
and other materials, for example, characterization can be 
effected in parallel for porosity (including for example, pore 
siZe, pore siZe distribution, pore volume and/or pore volume 
distribution), crystallinity, identity, composition, morphol 
ogy, surface area, particle siZe, particle siZe distribution, 
metal loading, metal dispersion, oxidation state, coordina 
tion number, phase formation, acidity, basicity, and dielec 
tric among other properties. In FIG. 2, the timing of 
representative characteriZation are shoWn (indicated as a 
circled “C” in FIG. 2). With reference to FIG. 2, for 
example, the starting materials 500 (including optionally 
supplemental materials 506) can be physically treated (e.g., 
calcined) or chemically treated (oxidation, reduction, etc.) 
and/or characteriZed before the grinding step, and/or the 
ground materials 502 can be physically treated, chemically 
treated or characteriZed betWeen the grinding and pressing 
steps, and/or the pressed materials 504 can be physically 
treated, chemically treated or characteriZed after the press 
ing step. In some cases, it may be preferable to grind the 
materials 500, and then calcine and/or chemically treat the 
ground materials 502, and then to regrind the treated mate 
rials. Such repeated cycles of grinding, treating, grinding, 
treating, grinding, treating, etc. steps can improve compo 
sitional homogeneity of the materials. Other particular strat 
egies for incorporating chemical, physical treatments, and/or 
characteriZation steps into the overall Work?oW are knoWn 
in the art, and readily applied to and integrated With the 
parallel mechanical treatment steps of the invention, and as 
so integrated, are considered part of this invention. In 
general, such further treatments and/or characteriZations 
steps are preferably effected simultaneously for each of the 
four or more shaped catalysis materials and/or four or more 
fractioned catalysis materials. In some embodiments, such 
treatments and/or characteriZation steps are preferably 
effected in situ With the chemical and/or physical treatment 
Zones and/or the characteriZation regions including at least 
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a portion of the structure in Which the catalysis materials 
Were or Will be mechanically treated. 

[0067] The interior surfaces of the grinding Zones, press 
ing Zones, mixing Zones and/or sieving Zones, as Well as any 
grinding elements, pressing elements, crushing elements, or 
sieves (or generally, other materials having contact With the 
four or more materials being treated), can be of any suitable 
material, and preferably a material that is inert to the 
chemical reaction being investigated. Such materials can 
generally include metals, ceramics and plastics, and prefer 
ably include hardened steels, glass, ceramics, including for 
example, silica, Zirconia, ceria, steel, stainless steel, alumi 
niZed steel, silicon carbide, silicon nitride, nitrided titanium, 
tungsten carbide, acrylics, polypropylene, polycarbonate, 
polystyrene, polytetra?uoroethylene (PTFE) and other 
materials knoWn in the art. 

[0068] Providing an array comprising fractioned, different 
catalysis materials 520 as described herein for use in a 
parallel reaction vessel for reaction screening is advanta 
geous over the prior art methods. This is particularly true 
When bulk as-synthesiZed catalysis materials are ?rst simul 
taneously ground, simultaneously pressed, and then simul 
taneously crushed/sieved/fractionated to form the fractioned 
catalysis materials 520. Without being bound by theory not 
speci?cally recited in the claims, the grinding step increases 
the surface area of the catalyst, improves the compositional 
homogeneity, and/or changes exposed active sites (e.g., by 
breaking open and exposing interior of crystallites) for 
example, to improve the solid-gas reactions during calcina 
tion and also to improve solid-gas reactions and other 
interactions (e.g., adsorption, desorption) during the cata 
lytic reaction. The pressing (i.e., pellitiZation) of the poWder 
increases the contact betWeen grains, particularly With 
repeated cycles of grinding and pressing, alloWing more 
ef?cient solid state reactions and phase transformations 
during calcination. Further, employing candidate catalysts or 
other fractioned catalysis materials comprising appropriate 
siZe distribution minimiZes other potential problems. Such 
problems can include, in a parallel ?xed bed screening 
reactor, for example (depending on the siZe of the undesir 
able non-fractioned particles and the height of a reaction bed 
or Zone): channeling of gas through the catalyst in one or 
more channels of the ?xed bed reactor, bypassing of catalyst 
materials along the side of the reaction Zone, ?uidiZation of 
?ne particles in one or more channels of the ?xed bed 
reactor, excessive pressure drop across the catalyst bed in an 
individual one or more channels, and unequal ?oW betWeen 
channels of a parallel ?oW reactor. For example, in preferred 
embodiments, ?uid mechanics in a tubular reactor are 
enhanced by providing a catalyst particle diameter ranging 
from about 0.2 to about 0.005, and preferably from about 0.1 
to 0.01 times the reaction Zone diameter. For example, a 4 
mm ID tubular reactor should be charged With 400 um to 40 
um diameter catalyst particles. The potential importance of 
the pretreatment steps of pressing, crushing and sieving are 
demonstrated, for example, in Example 1. Hence, paralliZa 
tion of pressing, crushing and sieving is important for a 
high-throughput research program for heterogeneous cataly 
s1s. 

[0069] Integral Parallel Pressing/Crushing/Sieving/Frac 
tionating Device 

[0070] With reference to FIGS. 3A through 3E, an exem 
plary parallel pressing/crushing/sieving device 10 (i.e., com 
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paction, milling and sieving apparatus) comprises a parallel 
pellet press 20 having an array (With tWo or more, preferably 
four or more, preferably a higher number, n) of spatially 
discrete pressing Zones 30 (e.g., compartments or cavities) 
de?ned by press Walls 22 of a press body 23, press bottom 
24, loWer dies 26, and spring-loaded upper dies 28, as 
depicted in FIG. 3A. The pressing Zones 30 can be at least 
partially de?ned by spatially discrete apertures (as shoWn) or 
Wells, or dimples. The press bottom 24 of the array of 
chambers is preferably sealed. An array of bulk catalyst 
candidates or precusors 100 are placed into the cavities 30. 
The parallel press also includes one or more pressing 
elements adapted to simultaneously press each of the four or 
more catalysis materials in the four or more pressing Zones. 
As shoWn in FIG. 3A, a press lid 32 of the press has a 
plurality (preferably, n) of spring-loaded upper dies 28 
attached thereto, and situated over the array of catalysts/ 
precursors 100. Avertical force, F, is applied to the press lid 
32, to effect parrallel compaction of the plurality of cata 
lysts/precursors 100. The spring loaded dies 28 alloW the 
same force to be applied to the catalysts 100 in each cavities 
30, even if the cavities are not ?lled to the same eXtent. 

[0071] The four or more die sets, each comprising an 
upper and/or loWer dies 28, 26, can be removed, as shoWn 
in FIG. 3B, to alloW the pressed catalyst pellets 102 to be 
punched out of the press body 23.The catalysts can then be 
ground or calcined, for eXample, using conventional 
approaches. Alternatively, the catalysts 100 or catalyst pel 
lets 102 can by calcined in situ in the press body 23 (FIG. 
3B). In such an approach, a reactive or inert gas can be 
present in the pressing Zones (in a static approach) and/or 
can be forced through the pellets (in a ?oW-based approach), 
during the calcination. 

[0072] Alternative parallel press con?gurations or designs 
can also be employed in place of the design shoWn in FIGS. 
3A and 3B. One preferred alternative, a parallel isostatic 
press, suitable for use independently of, or in connection 
With the integral pressing/crushing/sieving device 10 is 
depicted in FIGS. 5A through 5D, and discussed in con 
nection thereWith. Another alternative press is a parallel 
roller press, suitable for use independently of, or in connec 
tion With the integral pressing/crushing/sieving device 10 is 
depicted in FIGS. 7A through 7C and discussed in con 
nection thereWith. 

[0073] An eXemplary, integral parallel crushing/sieving 
device 50, depicted schematically in FIG. 3C, can comprise 
a crusher body 53 made of a suitable abrasion-resistant 
material (e.g., alumina). The crusher body 53 can comprise 
a plurality of crushing Zones 70 (e.g., compartments), 
de?ned generally by interior crushing surfaces. The crushing 
surfaces can be de?ned at least partially for eXample, by 
apertures having interior side Walls 52 or Wells (not shoWn 
in FIG. 3C) The bottom plate 54 of the parallel crusher 50 
can comprise a plurality of apertures 55 generally spatially 
arranged to correspond to the plurality of apertures de?ning 
the crushing Zones 70, and can secure a primary sieve 58 
against the crusher body 53 such that the primary sieve 58 
is integral With the parallel crusher 50, and such that 
spatially discrete regions of the sieve 58 de?ne the bottom 
interior surface of the crushing Zones 70. Suitable crushing 
elements or instruments, such as a set of four or more 
crushing pins 60, can protrude doWnWard from an upper 
plate 62 of the crusher 50, and eXtend into the crushing Zones 
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70 for crushing against interior crushing surface de?ned by 
side Walls 52. The upper plate 62 and crushing pins 60 can 
be moved, for eXample, in a substantially orbital/orbiting 
motion, and/or in a substantially vertical motion and/or in a 
substantially rotating motion Within each of the four or more 
crushing Zones 70 of the parallel crusher 50, to crush the four 
or more catalyst pellets 102 against the Walls 52 of the 
crusher body 53 to form crushed catalyst or precursor 
particles 104, 106, 108. Other suitable crusher arrangements 
can also be effected. The crushing elements, such as crush 
ing pins 60 and upper plate 62, can also de?ne at least a 
portion of the crushing surface de?ning the crushing Zone 
70. The crushing Zone 70 (i.e., crushing compartment) Walls 
52 and the crushing pins 60 are preferably hard and abrasion 
resistant. Aprimary sieve, 58, such as a coarse sieve, alloWs 
relatively smaller catalyst particles 106, 108 to fall through 
the apertures 55 once the particles have been ground suf? 
ciently to be of a siZe equal to or smaller than the maXimum 
alloWable particle siZe passable through the primary sieve 
58, While alloWing relatively larger particles 104, to be 
retained above the primary sieve 58. 

[0074] Alternative parallel integral crushing/sieving 
devices can also be employed in place of the design shoWn 
in FIG. 3C. One alternative, a parallel crusher using one or 
more crushing elements (e.g., crushing media such as crush 
ing balls) Within each of the plurality of crushing Zones 70 
(rather than crushing pins 60), is shoWn in FIG. 4D and 
discussed in connection thereWith. In a variation of this 
alternative embodiment, the crusher body can comprise four 
or more Wells, With the one or more primary sieves situated 
substantially at the open end of the four or more Wells. As 
such, the four or more Wells and the one or more primary 
sieves together de?ne the crushing Zones Within each Well. 
The four or more crushing elements in this embodiment can 
be a set of four or more crushing media (eg crushing balls) 
adapted for impacting motion Within the four or more 
crushing Zones of the crusher body, respectively. Another 
alternative, a parallel ?nger-die crusher, is shoWn in FIGS. 
6A through 6D, and discussed in connection thereWith. The 
geometry of the sieve With respect to each of the aforemen 
tioned embodiments is not narroWly critical, and can include 
substantially planar sieves or sieves that de?ne a curvilinear 
surface such as a portion of a sphere or a portion of a 
cylinder, as shoWn, for eXample, as sieves 58 in FIG. 4E. 
Other approaches can also be used to effect crushing Within 
the crushing Zone, including for eXample, gear-type crushing 
elements such as substantially planar gears or conical 
shaped ridged gears, interfacing With similarly geared sur 
faces, roughened surfaces and/or smooth surfaces. The inter 
facing surface can have an offset shape, such as an offset 
conical shape, relative to the shape of the gear or geared 
surface, such that an opening or gap is de?ned at the top 
Wider end and is siZed to receive uncrushed material. The 
distance betWeen the gear or geared surface and the corre 
sponding interfacing surface can then narroW to crush par 
ticles to the desired siZe. Each of such alternative integrated 
crushing/sieving devices are suitable for use independently 
of, or in connection With the integral pressing/crushing/ 
sieving/fractioning device 10 of FIGS. 3A through 3E, as 
Well as in connection With the universal component embodi 
ment depicted and described in connection With FIGS. 4A 
through 4D. 
[0075] The plurality of catalysis materials (e.g., catalysts/ 
precursors), each noW having a siZe distribution that 
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includes a variety of particle siZes (e.g., particles 104, 106, 
108), can be fractionated (e.g., further sieved) in parallel as 
folloWs. Relatively large particles 104 are retained, as noted, 
by sieve 58 in the parallel grinder/sieve 50. A parallel 
fractionating device can comprise a sieve body 83 compris 
ing four or more spatially discrete apertures or Wells corre 
sponding in spatial arrangement to the four or more aper 
tures or Wells of the crusher body. Each of the four or more 
apertures of the sieve body have an inlet end adapted to 
receive primary-sieved particles passing through the pri 
mary sieve, and an opposing outlet end. The device also 
comprises one or more second secondary sieves 88 situated 
substantially at the outlet end of each of the four or more 
apertures of the sieve body 53, the one or more secondary 
sieves 88 being adapted to simultaneously sieve the primary 
sieved particles of each of the four or more catalysis 
materials, such that for each of the four or more catalysis 
materials, smaller secondary-sieved particles pass through 
the secondary sieve Whereas larger primary-sieved particles 
are retained by the secondary sieve. 

[0076] More speci?cally, With reference to FIGS. 3D and 
3E, smaller particles, 106, 108, can be alloWed to fall into a 
plurality of cavities 90 de?ned by Walls 82 of a ?ne sieve 
body 83 of a parallel ?ne sieve apparatus, 80. The parallel 
?ne sieve apparatus 80 further comprises a secondary sieve 
88, such as a ?ne sieve, held in place by a bottom 84 of the 
sieve 80. The bottom 84 comprises a plurality of apertures 
85. The secondary sieve 88 is siZed to alloW relatively 
smaller-siZed particles 108 (e.g., ?nes), to fall through the 
apertures 85, While alloWing relative larger particles 106 to 
be retained above the secondary sieve 88. Additional parallel 
sieves (not shoWn) can likeWise be employed, depending on 
the number of desired fractions. Some of the catalysis 
material particles 108 (e.g., catalyst or precursor particles) 
are small enough such that they fall through the secondary 
?ne sieve 88, and can thereby be alloWed to fall into a 
plurality of cavities 130 de?ned by Walls 122 of a ?nes 
collector body 123 of a parallel ?nes collector 120. The 
parallel ?nes collector 120 further comprises a bottom 124. 
The smaller particles 108 (e.g., ?nes) may be repressed, 
recrushed or reground, and resieved. The sieving units may 
generally also include vibrational agitation to help fraction 
ate the catalyst particles/poWder. Other motive forces, such 
as pneumatic ?uid forces, are likeWise contemplated to help 
move catalyst particles through the various sieves. 

[0077] The parallel press 20, parallel crusher 50 (having 
integral parallel primary sieve 58), and one or more parallel 
fractionating devices 80, 120 are modular components of the 
integral parallel pressing/crushing/sieving/fractionating 
device 10 of the invention. Each of such modular compo 
nents can be substituted With other components having the 
same or equivalent functionality With respect to parallel 
pressing, parallel crushing, parallel sieving While crushing, 
and parallel fractionating of catalysis materials. 

[0078] Universal Components of Parallel Mechanical 
Treatment Devices 

[0079] According to another aspect of the invention, an 
array of catalysis materials is prepared using tWo or more 
parallel mechanical treatment apparatus, Where at least some 
commonality of components eXists betWeen the tWo or more 
apparatus. Additionally, commonality of components can 
also eXist betWeen one or more mechanical treatment appa 
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ratus and one or more physical or chemical treatment 

apparatus. Advantageously, the universality of such compo 
nents can alloW for Work?oWs having a reduced number of 
material transfers. Such time and labor savings are substan 
tial, particularly in connection With large numbers of mate 
rials, small volumes of materials, and dif?culties associated 
With handling of so many, small-volume materials. 

[0080] In a preferred approach, at least some commonality 
of components exists betWeen components of parallel press 
ing/crushing/sieving/fractionating devices. These devices, 
considered individually or as integral sub-devices of an 
integrated apparatus, generally comprise a parallel press 
suitable for pressing four or more catalysis materials in four 
or more spatially discrete pressing Zones, respectively, to 
form four or more pressed catalysis materials, (ii) a parallel 
crusher for simultaneously crushing the four or more pressed 
catalysis materials in four or more spatially discrete crushing 
Zones, respectively, to form four or more crushed catalysis 
materials, (iii) a parallel primary sieve for simultaneously 
sieving each of the four or more catalysis materials through 
a ?rst primary sieve as they are being crushed, such that for 
each of the four or more catalysis materials, smaller, ?rst 
sieved particles pass through the primary sieve Whereas 
larger unsieved particles are retained in the crushing Zone for 
further crushing, and (iv) a one or more parallel supplemen 
tary sieves (e.g., a parallel secondary sieve) for simulta 
neously sieving the ?rst-sieved particles of each of the four 
or more catalysis materials through one or more supplemen 
tary sieves, Whereby one or more fractions having a prede 
termined siZe range is formed for each of the four or more 
catalysis materials. 
[0081] With reference to FIGS. 4C and 4D, as noted 
above, each of the four or more pressing Zones 30 (FIG. 4C) 
are de?ned by an interior pressing surface, and each of the 
four or more crushing Zones 70 (FIG. 4D) are de?ned by an 
interior crushing surface. The pressing surface of each of the 
pressing Zones 30 is de?ned by press Walls 22 of press body 
23, by a bottom surface 29 of upper die 28 and by a Well 101 
de?ning a synthesis surface in a synthesis substrate 110. The 
crushing surface of each of the crushing Zones 70 is de?ned 
by side Walls 52 of crusher body 53, by a spatially discrete 
region of a unitary primary sieve 58, and by a Well 101 
de?ning a synthesis surface in a synthesis substrate 10. One 
or more seals, such as o-rings 333 (FIG. 4C) or a unitary 
gasket 332 (FIG. 4D) can be used to seal the press body 23 
and the synthesis substrate 10 (FIG. 4C) and to seal the 
crusher body 53 and the synthesis substrate 110 (FIG. 4D), 
respectively. One or more crushing balls 51 are used in each 
of the crushing Zones 70. Signi?cantly, at least some portion 
of the interior pressing surface is the same as at least some 
portion of the interior crushing surface. That is, at least one 
component is common to, and universal for, both the parallel 
press and the parallel crusher. With further reference to 
FIGS. 4C and 4D, for eXample, the press body 23 of the 
parallel press 20 can be the same structural component as the 
crusher body 53 of the parallel crusher 50. Furthermore, the 
synthesis substrate 110 is common to each of the parallel 
press 20 and the parallel crusher 50, and alloWs for en-banc 
material transfer betWeen these devices (Without the tedious, 
individual serial transfer of the pressed materials). The 
transition from the parallel press of FIG. 4C to the parallel 
crusher/sieve of FIG. 4D can be effected, for example, by 
replacing the plurality of press elements (e. g., upper dies) 28 
With the primary sieve 58, adding a set of crushing balls, and 














